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Viperin, an interferon-inducible antiviral protein, is shown to bind an iron-sulfur cluster, based on
iron analysis as well as UV–Vis and electron paramagnetic resonance spectroscopic data. The
reduced protein contains a [4Fe-4S]1+ cluster whose g-values are altered upon addition of S-adeno-
sylmethionine (SAM), consistent with SAM coordination to the cluster. Incubation of reduced viper-
in with SAM results in reductive cleavage of SAM to produce 50-deoxyadenosine (50-dAdo), a reaction
characteristic of the radical SAM superfamily. The 50-dAdo cleavage product was identiﬁed by a com-
bination of HPLC and mass spectrometry analysis.
 2010 Published by Elsevier B.V. on behalf of the Federation of European Biochemical Societies.1. Introduction
Viperin (virus inhibitory protein, endoplasmic reticulum-associ-
ated, interferon-inducible) has been shown to be strongly induced
by both type I and II interferons in response to a variety of different
viral infections [1–7], however the speciﬁc means by which viperin
acts to carry out its antiviral function has yet to be identiﬁed. In-
sight into a possible mode of action for viperin was provided by
the recent demonstration of its interaction with farnesyl diphos-
phate synthase (FPPS), an enzyme that is essential for isoprenoid
biosynthesis, including squalenes and sterols [7,8]. Wang et al. pro-
vided evidence that the intracellular interaction of viperin with
FPPS decreases the activity of FPPS, ultimately disrupting the for-
mation of lipid rafts and thereby increasing the lateral mobility
of the plasma membrane [7]. However, the speciﬁc biochemical
interactions between viperin and FPPS, and the roles these might
play in the pathways downstream of FPPS leading up to isoprenoid
biosynthesis, remain to be identiﬁed.
The ﬁnding of a relationship between viperin function and lipid
raft disruption was signiﬁcant due to the important roles lipid rafts
play in the life cycles of a number of viruses, including both HIVon behalf of the Federation of Euro
electron paramagnetic reso-
osyl)-L-homocysteine; MTA,
u (J.B. Broderick).and the inﬂuenza virus [9]; thus lipid raft disruption could be a no-
vel mode of antiviral activity [7]. A simpliﬁed illustration of an im-
mune system response to viral infection is shown in Fig. 1, wherein
viral infection triggers upregulation of several genes leading to
production of interferon regulatory factor 3 (IRF3), which stimu-
lates interferon (IFN) production. Secreted IFNs bind to type I IFN
receptors (IFNR) and activate formation of IFN stimulated gene fac-
tor 3 (ISGF3), which then triggers the IFN stimulated response ele-
ment (ISRE) of the gene promoter. In turn, genes for numerous
antiviral proteins, including viperin, are upregulated. Viperin
(shown as red boxes) migrates to the cytosolic face of the endo-
plasmic reticulum (ER) where it can interact with FPPS (shown
as green circles) [7]. Viperin binding with FPPS leads to disruption
of lipid raft domains thereby forming viral buds with ‘‘stalk-like” or
‘‘daisy chain” structures, which cannot be released from the plas-
ma membrane [7,10].
Viperin has been suggested to be a member of the radical S-
adenosylmethionine (SAM) superfamily due to the presence of a
CX3CX2C motif, as well as some additional motifs found in other
radical SAM enzymes [11]. However, the biochemical characteris-
tics and the precise function of viperin remain unknown. Sequence
analysis suggests that human viperin is a three-domain protein,
with the radical SAM domain (residues 77–209) ﬂanked by a leu-
cine zipper domain (residues 1–76), and a C-terminal domain
[12]. The leucine zipper domain may be responsible for proper
folding of the protein as well as anchoring the protein to the cyto-
plasmic side of the ER [13].pean Biochemical Societies.
Fig. 1. Schematic illustration of a representative immune response pathway that
leads to the disruption of viral release from the plasma membrane.
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that human viperin is a radical SAM enzyme that contains the char-
acteristic [4Fe-4S] cluster and catalyzes the reductive cleavage of
SAM. The identiﬁcation of viperin as a radical SAM enzyme pro-
vides a foundation for understanding its speciﬁc mode of action
in the immune response to viral infection.
2. Materials and methods
2.1. Materials
S-Adenosylmethionine was synthesized from methionine and
ATP using SAM synthetase and subsequently puriﬁed using cation
exchange chromatography as previously described [14]. All other
chemicals were obtained from commercial sources.
2.2. Cloning of viperin
The cDNA for human viperin (cig5) lacking the N-terminal se-
quence encoding the leucine zipper (cDNA provided in pcDNA3.1)
was received as a generous gift from Peter Cresswell at Yale Uni-
versity; the cig5 cDNA in pLNCX2 was also received as a generous
gift from Michael Beard at the University of Adelaide, Australia.
Cig5 was PCR ampliﬁed from pcDNA3.1. The PCR fragments were
puriﬁed, digested and ligated into a pET-14b vector (Novagen) con-
taining an N-terminal 6x-Histidine afﬁnity tag (His6) (see Supple-
mentary material).
2.3. Viperin expression, puriﬁcation, and reconstitution
Viperin lacking the leucine zipper domain (viperin43–340 hereaf-
ter) was overproduced in Escherichia coli Rosetta(DE3)pLysS cells
(Novagen). Growth of cell lines and protein expression was per-
formed as described in Supplementary material. Lysis, puriﬁcation
and reconstitution procedures were all carried out under anaerobic
conditions in an anaerobic chamber (Coy Laboratories) (see Sup-
plementary material). Protein concentrations were determined by
the Bradford method using bovine serum albumin as the standard
[15]. Iron content was evaluated spectrophotometrically [16].
2.4. Spectroscopic characterization
For UV–Vis absorption experiments, samples were transferred
to an anaerobic cuvette within an anaerobic chamber (Mbraun)containing 1 ppm or less of O2. Room temperature UV–Vis absorp-
tion data were acquired using a Cary 6000i UV–Vis/near-IR spec-
trophotometer (Varian) with Spectrosil 1.4 ml anaerobic cuvettes
(Starna). Low temperature X-band CW (continuous wave) electron
paramagnetic resonance (EPR) spectra were recorded using a Var-
ian E-109 spectrometer modiﬁed with a National Instruments
computer interface (for data collection and ﬁeld control) and
equipped with an Air Products and Chemicals LTD-3-110 Heli-Tran
Liquid Helium Transfer Refrigerator (Allentown, PA). EPR parame-
ters were as follows: sample temperature 12.5 K; microwave fre-
quency 9.24 GHz; microwave power 2 mW; time constant 0.50;
each spectrum shown is the average of three scans.
2.5. Reduction of viperin
Reduction of viperin was carried out in an anaerobic chamber
(Mbraun). Reaction mixtures consisted of 5 mM DTT, 50–100 mM
Tris pH 7.0, 58–135 lM of as-isolated or reconstituted viperin in
HEPES buffer pH 7.0, and 50–100 lM 5-deazariboﬂavin (DAF) or
1 mM dithionite depending on method of reduction. Mixtures
were prepared by combining reagents from anoxic stock solu-
tions in the order listed above, with DAF or dithionite always
added last. Reactions using DAF were illuminated with a
300W halogen lamp for 1 h and kept cool during illumination
by immersion in an ice water bath. Reductions using dithionite
were incubated on ice for 10 min. After the reduction of viperin,
SAM (3 equiv to protein) was added to the samples and allowed
to incubate for 5–10 min. Samples to be used for EPR analysis
were placed in an EPR tube and ﬂash frozen. Samples to be used
for UV–Vis analysis were immediately transferred to an anaero-
bic cuvette and analyzed spectroscopically.
2.6. In vitro SAM cleavage assay
SAM cleavage samples were prepared anaerobically. The
detection of the cleavage and degradation products including 50-
deoxyadenosine, S-(50-adenosyl)-L-homocysteine and methylthio-
adenosine was accomplished using HPLC and conﬁrmed by mass
spectrometry (see Supplementary material).3. Results and discussion
3.1. Puriﬁcation and biochemical properties of viperin
The cloning of cig5 (minus the N-terminal region encoding the
putative membrane anchor) into the pET14b vector was con-
ﬁrmed with restriction enzyme digestion. Synthesizing viper-
in43–340 from the bacterial plasmid did not result in signiﬁcant
overproduction (Fig. S1), even though the E. coli Rosetta(DE3)-
pLysS cells, containing some of the rare codons found in mamma-
lian genes but absent in bacteria, were used. Large scale growths
generally yielded 25 mg of protein per 60 g of cell paste. The
instability of the viperin43–340 protein led to high levels of precip-
itation when concentrated to levels >250 lM or during repeated
freeze-thaw cycles. The observed instability of viperin43–340 could
be related to the removal of the N-terminal domain during the
cloning process. Hinson and Cresswell showed that the lack of
the N-terminal domain could negatively affect protein dimeriza-
tion [13], and it is clear that the lack of this domain prevents
membrane localization; either or both of these effects could have
an impact on overall protein stability. In addition, viperin con-
tains several putative N-glycosylation sites in the radical SAM do-
main, and these would not be glycosylated upon expression in a
bacterial host; the lack of glycosylation could also have an affect
on protein stability.
Fig. 3. X-band EPR spectra of reconstituted viperin (96 lM). (A) As reconstituted.
(B) Reconstituted and photoreduced. (C) Reconstituted and photoreduced followed
by addition of SAM.
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Puriﬁed viperin43–340 was found to contain iron (0.9 ± 0.2 mol
Fe/mol viperin) and was dark yellow to light brown in color at con-
centrations of 100 lM. After reconstitution, the protein became
dark brown in color at similar concentrations and contained an en-
hanced amount of iron (3.7 ± 0.1 mol Fe/mol viperin). The UV–Vis
absorption spectra for the puriﬁed as-isolated and reconstituted
viperin43–340 samples show broad overlapping ligand-to-metal
charge transfer (LMCT) transitions characteristic of iron-sulfur
clusters, including a sharp feature at 315 nm and a broad peak
between 370 and 450 nm, both of which are typical features for
proteins containing [4Fe-4S]2+ clusters (Fig. 2A) [17–19]. The
reconstituted enzyme exhibits higher intensity for the LMCT fea-
tures, consistent with its higher iron numbers, as well as an addi-
tional feature at 615 nm, perhaps indicative of the presence of
[2Fe-2S]2+ clusters (Fig. 2A) [20]. Reduction of the reconstituted
protein with either dithionite or photoreduced 5-deazariboﬂavin
results in decreased intensity throughout the visible region
(Fig. 2B), which is consistent with the reduction of a [4Fe-4S]2+
cluster to a [4Fe-4S]1+ cluster. Addition of SAM to the reduced en-
zyme results in a slight decrease in intensity, but no other signiﬁ-
cant changes in the visible absorption spectrum (Fig. 2B).
Reconstituted viperin43–340 exhibits a nearly isotropic electron
paramagnetic resonance (EPR) signal characteristic of a [3Fe-
4S]1+ cluster and accounting for 0.09 spins/protein (Fig. 3A); the
fact that this signal accounts for only 10% of the iron in the sam-
ple indicates that the remainder is in an EPR silent form, most
likely primarily [4Fe-4S]2+ clusters. Such [3Fe-4S]1+ clusters are
frequently observed for radical SAM enzymes, and are believed to
result from oxidative loss of the ‘‘unique” iron of the [4Fe-4S] clus-
ter [21–24]. Photoreduction of reconstituted viperin43–340 results
in loss of the [3Fe-4S]+ signal and appearance of a nearly axial
EPR signal with g-values (g = 2.02, 1.92, 1.91; 0.28 spins/protein)
characteristic of [4Fe-4S]1+ clusters (Fig. 3B); this signal is observed
only below 40 K, as would be expected for a [4Fe-4S]+ cluster.
Addition of SAM alters the EPR signal (g = 2.03, 1.95 and 1.88;
0.28 spins/protein Fig. 3C), consistent with the coordination of
SAM to the [4Fe-4S] cluster as observed for other radical SAM en-
zymes [25,26]. Together, the UV–Vis and EPR spectroscopic data
provide the ﬁrst clear evidence that viperin binds an iron-sulfur
cluster with properties characteristic of the radical SAM enzymes.Fig. 2. UV–Vis spectroscopic characterization of viperin. (A) As-isolated (dashed line, n
protein). (B) Reconstituted (normalized to 42 lM, 3.7 Fe/protein, thick solid line), reduce
SAM (dotted line), reduced by photoillumination (dashed-dotted line), reduced by phot3.3. Viperin catalyzes the reductive cleavage of SAM
The most characteristic feature of the radical SAM superfamily
enzymes is their ability to catalyze the reductive cleavage of SAM
to yield methionine and a 50-deoxyadenosyl radical intermediate
(50-dAdo). In the normal catalytic reactions, the 50-dAdo abstracts
a hydrogen atom from substrate to initiate subsequent transforma-
tions. Many of these enzymes, however, exhibit uncoupled SAM
cleavage, whereby even in the absence of substrate the production
of methionine and 50-deoxyadenosine (50-dAdo) can be observed
under reducing conditions. Because the substrate for viperin is cur-
rently unknown, we examined the ability of viperin43–340 to cata-
lyze uncoupled reductive cleavage of SAM.
Fig. 4A shows that in the absence of viperin, SAM remains unc-
leaved with one major peak eluting at 2.4 min (SAM) along with a
minor peak (11.0 min) representing a small amount of degradation
of SAM into methylthioadenosine (MTA). In the presence of viper-
in43–340, HPLC analysis demonstrates the appearance of two new
peaks eluting at 5.8 and 6.5 min, which correspond to the elution
times of S-(50-adenosyl)-L-homocysteine (SAH) and 50-dAdo,ormalized to 100 lM, 0.7 Fe/protein) or reconstituted (solid line, 100 lM, 2.5 Fe/
d with dithionite (dashed line), reduced with dithionite followed by the addition of
oillumination followed by the addition of SAM (thin solid line).
Fig. 4. HPLC analysis of SAM cleavage assay. (A) Control assay without viperin. The
elution times of standard solutions, as shown above by the labeled tick marks, are:
S-adenosylmethionine (SAM) at 2.5 min, S-(50-adenosyl)-L-homocysteine (SAH) at
5.5 min, 50-deoxyadenosine (50-dAdo) at 6.7 min, and methylthioadenosine (MTA)
at 10.3 min. (B) Assay containing viperin. Inset: expanded region between 5 and
8 min highlighting the appearance of 50-dAdo.
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eluting at 5.8 and 6.5 min, the peaks were collected and subjected
to electrospray-ionization (ESI) mass spectrometry. MS analysis for
the sample collected at 5.8 min provided evidence for the presence
of both SAH [major component, mz = 384.9 (M+H)] and 50-dAdo
[minor component, mz = 249.0 (M2H), mz = 252.1 (M+H)]. The
peak eluting at 6.5 min gave similar results by MS analysis with
a peak corresponding to 50-dAdo [major component, m/z = 249.0
(M2H),m/z = 252.2 (M+H)] as well as a peak for SAH [minor com-
ponent, m/z = 385.0 (M+H)].3.4. Conclusion
We demonstrate here that viperin43–340 binds a reducible
[4Fe-4S] cluster and catalyzes the reductive cleavage of SAM,
thus pointing directly to a role for radical SAM chemistry in
the antiviral response. Shaveta et al. recently reported that
viperin is a radical SAM enzyme, however the only evidence pre-
sented was a brown color and the corresponding UV–Vis spec-
trum after reconstituting viperin [27]. Unlike our work
reported herein, Shaveta et al. did not remove excess iron and
sulﬁde after reconstitution; as a result, the UV–Vis data indicates
a huge excess of adventitious iron-sulfur clusters, as the extinc-
tion coefﬁcient is an order of magnitude higher than typically
observed for a single [4Fe-4S] cluster per protein [27]. The iron
content of the reconstituted protein examined by Shaveta et al.
was not reported, and thus quantitative comparisons to our re-
sults cannot be made. Regardless, the observation of binding of
iron and sulﬁde to a protein does not constitute evidence that
the protein belongs to the radical SAM superfamily. Our current
results demonstrating the binding of a reducible [4Fe-4S] cluster
that interacts with SAM, as evidenced by spectroscopy, and that
reductively cleaves SAM, as evidenced by HPLC/MS, does provide
clear evidence that viperin is a radical SAM enzyme.
The radical SAM superfamily enzymes catalyze a diverse range
of reactions, all of which are initiated by a hydrogen atom abstrac-
tion from substrate [28]. Given the evidence that viperin inhibits
FPPS and disrupts lipid raft formation, two particular classes of
radical SAM reactions seem particularly relevant in providing in-
sights into the mode of action of viperin. First, the glycyl radicalactivating enzymes provide precedent for radical SAM enzyme-cat-
alyzed protein modiﬁcation [28], which could be a basis for inacti-
vation of FPPS by viperin. Second, radical SAM enzymes catalyzing
alkane functionalization [29] support the possibility of viperin-cat-
alyzed functionalization of a metabolite downstream of FPPS; such
modiﬁcation could disrupt cholesterol biosynthesis or the ability of
the functionalized cholesterol to form lipid rafts. While the sub-
strate for viperin has yet to be identiﬁed, the results presented
herein provide signiﬁcant new insight into the chemistry underly-
ing the antiviral response mediated by viperin.
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